Individuals who are homozygous for the protease inhibitor phenotype Z (PiZ) genetic variant of a1-antitrypsin (a,-AT) have reduced plasma concentrations of al-AT, and are susceptible to premature development of pulmonary emphysema. A subset of this population develops chronic liver disease. The reduction in plasma concentrations of a,-AT results from a selective defect in secretion as the abnormal PiZ a,-AT protein accumulates within the cell. It has recently been shown in several experimental systems that the heat shock/stress response, a response characterized by the synthesis of a family of highly evolutionarily conserved proteins during thermal or chemical stress, may also be activated by the presence of abnormal proteins within the cell. Therefore, we predicted that the heat shock/stress response would be induced in the absence of thermal or chemical stress in a1-AT-synthesizing cells of PiZZ individuals. In the following study, however, we show that net synthesis of proteins in the heat shock/stress gene family (SP90, SP70, ubiquitin) is increased only in a subset of the population, PiZZ individuals with liver disease. It is not significantly increased in PiZZ individuals with emphysema or in those without apparent tissue injury. Net synthesis of stress proteins is not increased in individuals with another variant of the a,-AT gene (PiS a,-AT) and is not increased in individuals with severe liver disease but a normal a,-AT haplotype (PiM a,-AT). These results demonstrate that the synthesis of stress proteins is increased in a subset of individuals with homozygous PiZZ al-AT deficiency, those also having liver disease.
Introduction
Homozygous PiZZ a,-antitrypsin (a,-AT)' deficiency is a common genetic disorder resulting in low plasma concentrations of functionally active a,-AT (reviewed in references 1 and 2). This deficiency affects approximately 1 in 1,600 live births (3, 4) and is associated with premature development of pulmonary emphysema, chronic liver disease, and hepatocellular carcinoma (5, 6) . a,-AT deficiency is also the most com-mon metabolic disease for which individuals currently undergo orthotopic liver transplantation (7) .
The association of this deficiency with liver disease has been difficult to explain. It has been even more difficult to explain the fact that only 12-15% ofthe PiZZ a1-AT-deficient population develop significant liver injury (6) . According to one theory, accumulation of a,-AT in endoplasmic reticulum of liver cells is directly related to liver injury (2) . Evidence supporting the "accumulation theory" of liver injury includes the absence of histologic changes in liver in rare protease inhibitor (Pi) null variants, allelic variants in which a,-AT is not synthesized. Moreover, liver disease has developed in several litters of transgenic mice carrying the mutant allele of the human a I-AT gene (8, 9) .
The pathophysiology oflung disease is thought to involve a decrease in plasma concentrations of the major anti-elastase, a,-AT, which permits elastolytic attack on the lung (reviewed in reference 10). Environmental factors, such as cigarette smoking which may oxidatively inactivate a,-AT, may also contribute to the development of emphysema. Nevertheless, there is still variability in the incidence and severity of destructive lung disease even when environmental factors are taken into consideration.
The molecular/cellular pathogenesis of homozygous PiZZ a,-AT deficiency has been studied extensively. It is now known that there is a selective defect in secretion of a,-AT in human blood monocytes from PiZZ individuals (1 1, 12) , in Xenopus oocytes injected with RNA from liver of PiZZ individuals (1 1, 13, 14) , and in cell lines transfected with the mutant PiZ allele (15) (16) (17) . In these circumstances the abnormal protein accumulates within the cell. Electron microscopic analyses (18) of liver from these individuals suggest that the abnormal protein accumulates within the endoplasmic reticulum (ER). These studies, therefore, suggest that the defect in PiZZ cells affects transport of newly synthesized a,-AT from the ER to the Golgi complex. Several recent studies using site-directed mutagenesis (15) (16) (17) 19) have shown that the substitution of lysine for glutamate at residue 342 in the a,-AT coding sequence of the PiZ allele (20) (21) (22) (23) (24) is enough to cause a selective defect in secretion. These studies have also shown that the disruption of a salt bridge between glu342 and lys290, as predicted from x-ray crystallographic determinations (25), could not entirely account for the defect in secretion. Thus, it has been suggested that the PiZ substitution results in an abnormality in folding, or tertiary structure, of the newly synthesized a,-AT protein, or a change in specific protein-protein interactions involved in transport or retention within the secretory pathway. The stress response, which is characterized by a marked increase in production of a family of highly evolutionarily conserved and closely related proteins during thermal or chemical stress, may also be activated by the presence of ab-normally folded proteins within the cell (26) (27) (28) . With the same considerations in mind, we examined the possibility that the stress proteins are induced under resting conditions in cells of PiZZ individuals inside which the abnormal a,-AT molecule accumulates. Since we have previously shown that a,-AT accumulates within monocytes from PiZZ individuals as well as within Xenopus oocytes injected with PiZZ liver RNA (1 1), the present study was conducted with human blood monocytes and human liver RNA. Studies of monocytes also allowed us to examine the relationship between synthesis of stress proteins and a I-AT deficiency in each of its clinical phenotypes (lung disease, liver disease, no apparent disease).
Methods
Patients. Peripheral blood monocytes were isolated from 24 (29, 30 Metabolic labeling. Confluent monolayers were rinsed and incubated for 30 min at 370C in the presence of methionine-free medium containing [35S]methionine, 500 MACi/ml. Radiolabeled proteins were detected in the cell lysate alone. Since this method does not account for amino acid pool size or the small amount of catabolism that might occur within 30 min, we refer to the results as net synthesis throughout the paper. Methods for solubilization of cells and clarification of cell lysates after labeling have been described (32) . Total protein synthesis was estimated by TCA precipitation of aliquots of cell lysates and culture fluid (33) .
Immunoprecipitation and analytical gel electrophoresis. Aliquots of cell lysates were incubated overnight at 40C in 1% Triton X-100/ 1.0% SDS/0.5% deoxycholic acid, with excess antibody. Immune complexes were precipitated with excess formalin-fixed staphylococcibearing protein A, washed, released by boiling in sample buffer, and applied to 9.0% SDS-PAGE under reducing conditions (34) . '4C-methylated molecular size markers (200,000, 95,000, 68,000, 46,000, 30,000, and 17,000 mol wt) were incubated on all gels. After electrophoresis, gels were stained in Coomassie brilliant blue, destained, impregnated with 2,5-diphenyloxazole (EN3HANCE, New England Nuclear), and dried for fluorography on XAR x-ray film (Eastman Kodak Co., Rochester, NY). Laser densitometer 2222 ultrascan XL from LKB Instruments, Inc., Houston, TX, was used for scanning of fluorograms.
Detection of RNA by RNA blot analysis. Total cellular RNA was isolated from adherent monolayers of monocytes or liver by guanidine isothiocyanate extraction and ethanol precipitation (35) . RNA was subjected to agarose-formaldehyde gel electrophoresis and transferred to nitrocellulose filters (36) . Filters were then hybridized with 32P-labeled cDNA specific for human a,-AT (31) , ubiquitin (37) Fig. 1, a and b ). These differences are not due to inability to detect the stress proteins in the PiMM monocytes since radiolabeled SP70 and SP90 are detected in PiMM monocytes incubated at 42°C (stress) for 2 h before labeling (Fig. 1, a and b) . In some PiZZ monocytes, antibody to SP70 immunoprecipitates a radiolabeled polypeptide of -50 kD in apparent size (Fig. 1 b) stressed PiMM monocytes (Fig. 1 c) . Furthermore, factor B expression is inducible in these cells as shown by an increase in its synthesis mediated by LPS (Fig. 1 c [39] ).
We next examined the net synthesis of another stress protein, ubiquitin, in the same cells (Fig. 1 d) (Fig. 1, a and b) .
ther the stress response in a,-AT deficiency we studied the single PiZZ individual with emphysema, biochemical evidence of liver disease and high levels of SP90 synthesis (Fig. 2,  A) , induction of SP90 is similar to that of PiZZ individuals with liver disease alone (data not shown). LPS and stress appear to have counterregulatory effects on net synthesis of ubiquitin in monocytes from PiZZ individuals with liver disease. Similar counterregulatory effects have been observed for different types of stress in other mammalian cell culture systems (41) but the mechanisms are still not understood.
Steady-state levels ofubiquitin mRNA are increased in liver of PiZZ individuals. An increase in expression of the genes encoding stress proteins is also evident in liver ofPiZZ individuals as shown by steady-state levels of ubiquitin mRNA in native livers ofthree PiZZ, two PiMZ, and two PiMM individuals who underwent liver transplantation (Fig. 4, upperpanel) . livers (lowerpanel). In order to determine the statistical significance of this difference a number of additional patients were studied. Steady-state levels of ubiquitin mRNA were determined in a total of six PiZZ, five PiMZ, and seven PiMM individuals with severe liver disease. The results ofdensitometric scanning of RNA blots is shown in Fig. 5 Alternatively this trait may be associated with an intrinsic difference in the function and/or activation of the stress protein system. Such a trait would only be manifest in the PiZZ individual, an individual in whose cells an abnormal protein continuously accumulates. It is also possible that cells which synthesize a,-AT in these individuals are exposed to higher, or more sustained, concentrations of factors which enhance the expression of aI-AT and, therein, accentuate the accumulation of abnormal a,-AT molecules within the cell.
Three types of experiments have indicated that the stress response is induced by the presence of abnormally folded proteins within the cell. There is a marked increase of stress proteins within cells which accumulate abnormal proteins during incubation with amino acid analogues (26) . Expression of stress protein SP70 is induced in frog oocytes by microinjection of protein which has been denatured before injection, but not by the same protein introduced in native form (27) . A recent study by Kozutsumi et al. (28) showed that mutant forms of influenza virus hemagglutinin, whose transport from the endoplasmic reticulum was blocked, induced the expression of several members of the stress protein family. There is also a growing body of evidence that one function of stress proteins is the biochemical monitoring of proper protein folding within the cell. For instance, several recent studies have suggested that SP70 is responsible for the unfolding ofproteins during translocation across microsomal (42) and mitochondrial membranes (43). One SP70-like protein, the immunoglobulin heavy chain binding protein (BiP), is now known to reside in the ER (44) . In this compartment the protein transiently binds abnormal or incorrectly assembled proteins until they have achieved a mature folded state (reviewed in reference 45). Another stress protein, ubiquitin, is conjugated to proteins destined for degradation within the cell (reviewed in references 41 and 46) . Thus, the function of stress proteins may be especially relevant to genetic defects in which abnormally folded proteins accumulate within the cell.
In experimental systems induction ofthe stress response by abnormally folded proteins is thought to be mediated by a complex of the abnormally folded protein and a stress protein within a specific intracellular compartment (28 (31, 47) .
One alternative explanation for induction of stress proteins in al-AT deficiency must be considered. The substitution of lysine for glutamate at residue 342 in the PiZ al-AT allele could lead to an abnormality in folding of the nascent protein that not only affects transport within the ER but also reduces the efficiency of translocation into the lumen of ER. Abnormally folded a I-AT might then also accumulate in the cytosol and induce stress proteins such as SP70, SP90, and ubiquitin.
However, this explanation is less likely since previous studies have indicated that the efficiency of translocation into microsomal membranes in vitro is similar for PiM and PiZ al-AT (14, 48) .
Two other issues raised by these data will require further study. First, since antibodies to SP70 and SP90 used in these experiments recognize a number of highly homologous proteins within the SP70 and SP90 family, it will be necessary to determine the specific protein(s) induced and the specific protein(s) which bind(s) mutant a,-AT. Secondly, if antibodies to SP70 and SP90 are actually recognizing a cognate which resides within the endoplasmic reticulum of PiZZ cells, then it will be necessary to determine why ubiquitin, thought to be localized to the cytosolic compartment, is also induced.
Taken together, these data demonstrate a specific association between liver disease in homozygous PiZZ a,-AT deficiency and the stress response. The data do not address the mechanism for defective secretion of aI-AT in the PiZ genetic variant or the mechanism for liver injury in this variant, but do raise several possibilities for further investigation of both mechanisms.
